Immunopathogenesis of Onchocerca volvulus keratitis (river blindness): a novel role for TLR4 and endosymbiotic Wolbachia bacteria
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Center for Global Health and Diseases, Case Western Reserve University, Cleveland, Ohio, USA Infection with the parasitic nematode Onchocerca volvulus is associated with inflammation of the skin and cornea that can lead to blindness. Corneal damage is thought to occur as a result of the host inflammatory responses to degenerating microfilariae in the eye. We have utilized a murine model of corneal inflammation (keratitis) to investigate the immune and inflammatory responses associated with river blindness. Soluble extracts of O. volvulus, a filarial species that contains the endosymbiont bacteria Wolbachia or Acanthocheilonema viteae (a nematode not naturally infected with the bacteria) were injected into mouse corneas. Inflammatory responses and corneal changes were measured. We demonstrated a major role for endosymbiont Wolbachia bacteria and Toll-like receptor 4 (TLR4) in the pathogenesis of ocular onchocerciasis. 0.5 mm, and are enclosed in a host-derived membrane. 17 Wolbachia, like other Rickettsiaceae bacteria, are sensitive to the tetracycline class of antibiotics (tetracycline, doxycycline) as well as azithromycin and rifampicin. 18 Ciprofloxacin, erythromycin and chloramphenicol have partial anti-Wolbachia activity whereas penicillin and gentamycin are not effective. 19 There are, at present, no technologies that enable long-or short-term culture of these endosymbionts in cell-free medium (i.e. outside the cytoplasm of invertebrate cell lines or intact filarial worms). Wolbachia from nematodes do not appear to infect host cells, although bacterial DNA has been detected in filariainfected individuals after DEC treatment. 20 The presence of these endosymbiontic bacteria appears to be essential for filarial larval molting and for reproduction. In adult female nematodes, Wolbachia are present in oocytes, morulae and microfilaria in utero, indicating matrilinear inheritance of the bacteria. 16 Tetracycline treatment of mice infected with the rodent parasite Litomosoides sigmodontis resulted in viable, but infertile, adult female worms with degenerative oocytes, no embryos on microscopic examination and clearance of Wolbachia by PCR. 21 Tetracycline treatment of the larva of many different filaria species in vitro and in vivo has led to inhibition of development. 19, 22 Exposure of Acanthocheilonema viteae (not containing Wolbachia) to anti-rickettsial antibiotics had no effect on filarial development or reproduction, indicating that the effect of the antibiotic is on the bacterial endosymbiont. 21 Recent studies in humans and mice demonstrate that endosymbiotic Wolbachia bacteria have pro-inflammatory properties and play a role in the pathogenesis of filarial diseases. [23] [24] [25] 
PATHOGENESIS

Pathogenesis of Onchocerca volvulus keratitis
In onchocerciasis-induced blindness, a complicated cascade of early inflammation and cellular infiltration leads to corneal edema, opacification and eventual scarring. Corneal opacification occurs as a consequence of disruption of the normal transparent nature of the mammalian cornea, which is maintained by a highly organized arrangement of collagen fibrils and by a tightly regulated level of hydration. 26 Resident cells in the cornea include epithelial cells, which are the external physical and hydration barrier, stromal fibroblasts (keratocytes), which produce the collagen and proteoglycans that form the matrix of the corneal stroma, and corneal endothelial cells, which maintain the hydration level of the cornea by pumping water from the stroma to the anterior chamber. When leukocytes such as neutrophils or eosinophils infiltrate the cornea after trauma or infection, they can have a cytotoxic effect on resident cells in the cornea, resulting in loss of corneal transparency, visual impairment and possibly blindness. In onchocerciasis (river blindness), invasion of parasitic worms into the cornea results in peripheral opacification, which progresses centrally to obscure the entire cornea. 27 To further characterize the inflammatory response in ocular onchocerciasis, we have used a murine model in which parasites (see Fig. 1 ) or a soluble extract are injected directly into the corneal stroma.
Results obtained using this model are consistent with the proposed sequence of events outlined in Figure 2 . Subcutaneous immunization with O. volvulus antigens, which is a model for chronic infection, stimulates the adaptive arm of the immune system, resulting in a predominant Th2 response, with elevated IL-4, IL-5, eosinophilia and parasite-specific antibody formation, especially IgG 1 . 3, 28 After injection of parasite antigens into the cornea, production of neutrophil and eosinophil chemokines is up-regulated in the cornea, and expression of vascular adhesion molecules PECAM-1 and ICAM-1 on limbal vessels is elevated. 29, 30 Neutrophils and eosinophils are then recruited to the corneal stroma in a biphasic manner, with neutrophils infiltrating within 24 h, and eosinophils predominating after 72 h. 3, 31 The physical presence of the cellular infiltrate, combined with degranulation and release of cytotoxic mediators, lead to disruption of normal corneal structure, loss of corneal clarity and visual impairment.
Immunopathogenesis of Onchocerca volvulus keratitis (river blindness 391 Fig. 1 . Immuno-electron micrograph of microfilaria in the corneal stroma. C57B/6 mice were injected intrastromally with B. malayi microfilaria. Corneas were fixed in 1% paraformaldehyde, 0.1% glutaraldehyde phosphate buffer and embedded using LR white resin. Thin sections were immunostained using a 1:700 dilution of polyclonal rabbit anti-WSP (Wolbachia surface protein) antibody, and visualized using a goat antirabbit conjugated to 15 nm gold particles. Sections were counterstained with uranyl acetate and lead citrate following standard protocols. Note the presence of Wolbachia within the filaria (arrows).
The role of Wolbachia in the pathogenesis of river blindness
In a recent study, we took three independent approaches to determine the effect of the endosymbiotic bacteria and endotoxin-like molecules on the pathogenesis of filarial disease. 24 O. volvulus worms were recovered from infected individuals in Ghana who had been treated with doxycycline for 6 weeks to reduce Wolbachia infection of the nematodes. 32 First, soluble extracts of doxycycline-treated worms were compared with untreated worm extracts in the mouse cornea model showing significantly less stromal thickening and stromal haze, which are indicators of corneal edema and opacification, respectively, as measured by confocal microscopy. 24 Neutrophil recruitment to the cornea was also significantly less in the corneas injected with treated extracts. Second, soluble extracts were made from Brugia malayi adult worms, which contain Wolbachia, and a related filarial parasite with no endogenous bacteria (A. viteae). The Wolbachia-containing extracts (B. malayi) induced significantly more inflammation and cellular recruitment than the extracts without the bacteria (A. viteae). These two studies together show the critical role for the endosymbiont Wolbachia in the pathogenesis of inflammation in the mouse model of river blindness. Finally, C3H/HeJ mice that are hyporesponsive to LPS due to a point mutation in Toll-like receptor 4 (TLR4) were compared with congenic LPS responsive mice (C3H/HeN). 33 Results from the study with C3H/HeJ mice are shown in Figure 3 , showing that neutrophil infiltration and increases in stromal thickness and haze were dependent on TLR4. 24 There was a relatively minor response that was not dependent on TLR4, as the indicators of keratitis (stromal thickness, stromal haze and neutrophil recruitment) were elevated in C3H/HeJ mice injected with OvAg compared with saline controls (see Fig. 3A ). Neutrophil recruitment and activation in the cornea in the mouse model of river blindness is mediated by PECAM-1 (platelet-endothelial cell adhesion molecule-1, CD31) and the chemokines MIP-2 and KC. 29, 30 This study also demonstrated that expression of PECAM-1 on limbal vessels and production of MIP-2 and KC (functional IL-8 homologs) in the cornea were significantly reduced in C3H/HeJ mice compared to C3H/HeN mice, indicating that expression of these mediators is dependent on TLR4 activation (Fig. 3B) .
CONCLUSIONS
Based on these findings the role of the endosymbiotic bacteria Wolbachia and TLR4 in the pathogenesis of corneal disease in onchocerciasis is as follows. In an O. volvulus infected individual, microfilariae migrate through the skin and eye and die through natural attrition, releasing parasite antigens and Wolbachia bacterial products into the micro-environment of the cornea. Endotoxin-like molecules or other TLR4 ligands then bind to lipid binding protein (LBP) and CD14 in association with TLR4 on stromal fibroblasts. 34 TLR4 activation stimulates production of neutrophil chemokines and pro-inflammatory mediators such as IL-1 and TNF-a that can increase expression of PECAM-1 on vascular endothelial cells. The physical presence of large numbers of infiltrating neutrophils will disrupt normal corneal structure, and release of neutrophil granular products that have a cytotoxic effect on resident corneal endothelial cells and stromal fibroblasts, which together cause a breakdown in corneal function, resulting in corneal opacity. Repeated inflammation and breakdown of the collagen matrix then result in permanent scarring.
In conclusion, the role of Wolbachia in this cascade of inflammatory events represents a major shift in our understanding of the pathogenesis of this disease. Wolbachia have emerged as the only target for chemotherapy that results in long-term sterility of the worms in human onchocerciasis. 32, 35 Furthermore, the crucial role of Wolbachia and TLR4 in the development of keratitis indicates that early innate immune responses are important in the pathogenesis of ocular onchocerciasis. Results of the current study suggest that in addition to targeting Wolbachia for sustained anti-filarial effects, clearance of Wolbachia by antibiotic treatment is also likely to reduce and prevent the clinical manifestations of this disease. Fig. 3 . Corneal inflammatory responses to O. volvulus are TLR4-dependent. C3H/HeJ (containing a genetic mutation resulting in a TLR4 receptor that is truncated and inactive) and C3H/HeN (normally functioning TLR4) mice were injected with soluble O. volvulus antigens (containing Wolbachia) into the corneal stroma. After 24 h, stromal thickness and stromal haze were measured by in vivo confocal microscopy, neutrophils and PECAM-1 were measured by immunohistochemistry, and MIP-2 and KC were measured by 2-site ELISA as described previously. 24, 30 (Reproduced with permission from ref. 24 ).
